DNA end resection is critical for chromosome break repair by homologous recombination and influences the efficiency of repair by nonhomologous DNA end joining. An elegant study by Sinha and colleagues (pp. 1423-1437) published in the June 15, 2009, issue of Genes & Development identified a novel mycobacterial DNA end resection protein complex, AdnAB, that harbors dual DNA motor and dual nuclease functions. Sinha and colleagues also demonstrated that the DNA end-binding protein complex Ku regulates the activity of AdnAB.
DNA double-strand break (DSB) and its repair
DSBs are induced in cells by agents such as ionizing radiation (IR) and genotoxic chemicals, and can also arise during DNA replication, such as when the DNA polymerase ensemble encounters a secondary DNA structure or a pre-existing lesion in the template. If misrepaired or left unrepaired, DSBs can cause prolonged cell cycle arrest, induction of apoptosis, chromosome loss, and chromosomal rearrangements. As such, DSBs pose a particularly dangerous threat to cell viability and genome integrity. In fact, there is ample evidence that mishandling of DSBs can lead to carcinogenesis through activation of oncogenes or inactivation of tumor suppressor genes.
As one might expect, both prokaryotic and eukaryotic cells have evolved elaborate systems with conserved mechanisms for the efficient detection, processing, and repair of DSBs. Nonhomologous DNA end joining (NHEJ) and homologous recombination (HR) are the two major pathways used by cells to repair DSBs. The NHEJ pathway uses the DNA end-binding protein Ku, a specialized DNA ligase (LigD in bacteria, DNA Ligase IV in eukaryotes) and various ancillary factors in eukaryotes to join the broken DNA ends in a manner that is facilitated by DNA microhomology but otherwise has no specific DNA sequence homology requirement. It should be noted that repair by NHEJ is intrinsically error-prone, as it often generates small deletions and, less frequently, insertions at the site of the DSB (Daley et al. 2005) . In contrast, HR is considered a more accurate mechanism because homologous sequences are used to direct faithful repair of the DSB (Krogh and Symington 2004; Daley et al. 2005) .
A conserved class of DNA-pairing enzymes known as general recombinases, including the bacterial RecA and eukaryotic Rad51 and Dmc1 proteins, mediate the HR reaction. A key feature of HR is the ATP-dependent polymerization of the recombinase protein on ssDNA, derived from DSB processing (see below), to form a righthanded nucleoprotein complex commonly referred to as the presynaptic filament (San Filippo et al. 2008) . Once made, the presynaptic filament, in conjunction with its cohort of accessory factors, conducts a genome-wide search for homology and catalyzes the formation of a DNA joint between the recombining DNA molecules. Subsequent steps include DNA synthesis, resolution of the recombination intermediates through one of several pathways, and DNA ligation to complete the reaction (Krogh and Symington 2004; San Filippo et al. 2008) .
The first step in repairing a DSB by NHEJ or HR is processing of the broken DNA ends. For NHEJ, only limited processing is necessary to expose microhomology in the two DNA ends to produce a structure suitable for ligation, whereas HR requires much more extensive 59-end resection to generate the 39 ssDNA tails for recombinase presynaptic filament formation. Hence, the DNA end-processing step is a crucial stage in determining which pathway is used to repair a DSB. As will be reviewed below, studies done mainly in bacteria thus far have shown DNA end resection to be a surprisingly complex process performed by multisubunit enzymes with combined helicase and nuclease activities. Interestingly, many organisms possess functionally redundant DNA end resection systems that contribute independently to DSB processing.
Escherichia coli and many other Gram-negative bacterial species. A large body of biochemical, electron microscopic, single-molecule, and crystallographic studies have helped elucidate the mechanism of action of the RecBCD complex (Dillingham and Kowalczykowski 2008) . The RecB and RecD subunits of this complex both harbor an ATP hydrolysis-driven DNA motor (helicase) activity, and a nuclease activity resides within RecB. The RecBCD complex engages blunt or nearly blunt DNA ends and rapidly separates the strands in the DNA through its motor activity (Fig. 1A) . As unwinding proceeds, the nascent strands are differentially degraded through nucleolytic cleavage by the RecB subunit until a specific DNA sequence (59-GCTGGTGG-39) called x is encountered. The enzyme ensemble briefly pauses upon x recognition by the RecC subunit. When translocation resumes, the vigorous 39-to-59 exonuclease activity is attenuated, whereas the 59-to-39 exonuclease is up-regulated, resulting in the production of a 39 ssDNA tail capped by the x sequence. Interaction with the x sequence also activates RecB to facilitate loading of the RecA recombinase onto the exposed ssDNA to seed the assembly of the presynaptic filament (Dillingham and Kowalczykowski 2008) .
The RecQ-RecJ pathway
A distinct pathway that is mediated by the RecQ and RecJ proteins performs the DNA end resection when the RecBCD complex has been rendered nonfunctional because of mutations (Spies and Kowalczykowski 2005) . RecQ is a DNA helicase capable of unwinding both bluntended and 39-tailed dsDNA. At a DSB, RecQ unwinds the duplex DNA from the broken end to yield a flayed structure with both 59 and 39 single-stranded regions (Fig. 1B) . RecJ, a 59-to-39-ssDNA exonuclease, then digests the 59-terminated strand, resulting in a 39-tail that is bound by the ssDNA-binding protein, SSB, which further stimulates RecQ activity (Shereda et al. 2007 ). Unlike RecBCD, assembly of the presynaptic filament in the RecQ/RecJ-dependent pathway requires a recombination mediator function provided by the heterotrimeric RecFOR complex. RecFOR recognizes and promotes the nucleation and extension of RecA onto the SSBcoated ssDNA to assemble the presynaptic filament (Kowalczykowski 2000) .
The AddAB pathway
The Bacillus subtilis AddAB heterodimer is the founding member of a growing class of enzymes that are functionally analogous to RecBCD. Inactivation of addA or addB leads to a phenotype that closely mimics E. coli recBCD À cells (Kooistra et al. 1997; el Karoui et al. 1998) . Likewise, AddAB can fully complement E. coli recBCD-null mutants for cell viability, sensitivity to DNA-damaging agents, and HR frequency (Kooistra et al. 1993; el Karoui et al. 1998 ). The AddA subunit shows regions of homology with RecB, containing an N-terminal helicase domain and a C-terminal nuclease domain. The AddB subunit also harbors a conserved nuclease domain at its C terminus (Haijema et al. 1996; Yeeles and Dillingham 2007) . Despite the apparent differences in complex architecture, the DNA end resection reaction mediated by AddAB bears a close resemblance to that catalyzed by RecBCD. AddAB binds to dsDNA ends and, through the coordinated action of the helicase and nuclease domains, catalyzes rapid unwinding and degradation of both DNA strands until a x sequence is encountered ( Fig. 1C ; Ché din et al. 2000) . Recognition of x by AddAB extinguishes the 39 strand cleavage activity; however, degradation of the opposite strand in the 59-to-39 direction remains unaffected. The end result is the generation of a 39 ssDNA tail that abuts the x sequence (Ché din et al. 2000) . It is not currently known whether AddAB actively loads RecA onto ssDNA, as has been demonstrated for RecBCD.
DNA end resection in eukaryotes
Like the situation in bacteria, DNA end resection in eukaryotic cells is associated with multiple helicase and nuclease activities. Since no reconstituted system is as yet available, much of what we know about the possible mechanisms of DNA resection has been inferred from cell-based studies that examined the fate of DSBs in cells-Saccharomyces cerevisiae cells in particular. Based on these studies, it has been surmised that DNA ends are engaged initially by the protein complex that harbors the Mre11, Rad50, and Xrs2 (Nbs1 in humans) proteins. In conjunction with Sae2 (CtIP in humans), the MRX(N) complex initiates limited resection of the broken DNA end (Lengsfeld et al. 2007; Sartori et al. 2007 ) in increments of 100 or so nucleotides (Mimitou and Symington 2008; Zhu et al. 2008) . It should be noted that both Mre11 and Sae2 possess a nuclease activity that could be used in this initial resection stage (Paull and Gellert 1998; Trujillo and Sung 2001; Lengsfeld et al. 2007 ). The 39-tailed DNA ends generated by the MRX(N) and Sae2 (CtIP) ensemble are further processed through the coordinated action of the Sgs1 helicase (BLM in humans) and the Dna2 helicase/nuclease, or by the 59-to-39 exonucleolytic activity of Exo1, to yield long 39 ssDNA tails (Gravel et al. 2008; Mimitou and Symington 2008; Nimonkar et al. 2008; Zhu et al. 2008 ). Interestingly, the ability of human Exo1 protein to resect DNA ends is directly stimulated by the BLM helicase in a manner that does not require the DNA motor activity of BLM (Nimonkar et al. 2008) . Once generated, the ssDNA tail becomes bound by the ssDNA-binding protein RPA. For HR to occur, RPA must be displaced to allow for the loading and polymerization of Rad51. This function is performed by accessory proteins called recombination mediators, such as the breast tumor suppressor BRCA2 and S. cerevisiae Rad52 (San Filippo et al. 2008) . Importantly, substantial evidence has accrued that the ssDNA tails generated by DNA end resection serve to activate the DNA damage checkpoints, to halt cell cycle progression, and allow time for repair to occur (Raynard et al. 2008 ).
DNA end resection in archaea
In archaea, HR appears to be the major pathway of DSB repair, since a RecA ortholog, RadA, is present but Kulike factors are absent in most species. From biochemical studies done with purified Pyrococcus furiosus proteins, we know that DNA end resection by the bipolar helicase HerA and the 59-to-39 exonuclease NurA is enhanced by the pfMre11-pfRad50 complex, and that the 39 ssDNA can be used as substrate for RadA-mediated DNA joint formation (Hopkins and Paull 2008) . In the reconstituted end resection reaction, dsDNA ends are first processed by pfMre11-mediated endonucleolytic cleavage to produce a short 39 ssDNA overhang, which can be engaged by HerA-NurA for further processing in a manner that is dependent on the DNA motor activity of HerA and the nucleolytic function of NurA. Both HerA and NurA are located within the same operon as pfMre11 and pfRad50 (Constantinesco et al. 2004; Hopkins and Paull 2008) . Moreover, the Sulfolobus acidocaldarius HerA protein can be coimmunoprecipitated with saMre11 and saRad50, which are enriched in the chromosomal fraction together with RadA upon g irradiation (Quaiser et al. 2008 ). These results further support the role of Mre11/Rad50/HerA/ NurA in DSB end resection and repair in archaea.
AdnAB, a novel end resection helicase-nuclease complex in mycobacteria
In mycobacterial species, such as Mycobacterium smegmatis, DSBs are repaired through either HR or NHEJ. NHEJ is of particular importance for eliminating DSBs during the latency stage when there is no sister chromatid available to direct HR repair . NHEJ in mycobacteria is highly mutagenic, being accompanied by insertion or deletion of nucleotides (Stephanou et al. 2007 ). The deletion type of NHEJ events is indicative of DNA end resection prior to break joining. Interestingly, even though M. smegmatis possesses a canonical RecBCD end-processing pathway, its ablation gives no discernible phenotype with regard to DNA repair and little change in the deletion type of NHEJ events (Stephanou et al. 2007; Aniukwu et al. 2008) . Together, these observations provide strong evidence for the presence of another DNA resection machinery in M. smegmatis. However, neither RecQ/RecJ homologs nor AddAB homologs have been identified in this mycobacterium. In the June 15, 2009, issue of Genes & Development, Sinha et al. (2009) applied a proteomic approach to uncover the founding member of a new dimeric DNA motor-driven nuclease complex from M. smegmatis, termed AdnAB (ATP-dependent nuclease), with distinctive DSB end resection properties.
Both AdnA and AdnB harbor an N-terminal helicaselike domain adjoining a C-terminal nuclease domain, thus distinguishing AdnAB from RecBCD, which has two motor and one nuclease entities, and AddAB, which has one motor and two nuclease entities. Linear but not circular dsDNA is an effective cofactor of AdnAB ATPase activity, indicating that it is activated by free DNA ends. AdnAB exhibits both ATP-dependent and ATP-independent nuclease activities. In the absence of ATP, AdnAB releases predominantly 5-mer and 6-mer species by making incisions measured from the 59 end of the ssDNA. In the presence of ATP, nuclease activity is stimulated and the incision step is increased to 16 or 17 nucleotides from the 59 end. The AdnA subunit is responsible for the ATPindependent incision of ssDNA, whereas AdnB mediates the ATP-dependent reaction. When both nuclease domains are inactivated, the AdnAB helicase activity is revealed. Sinha et al. (2009) surmised that DSB end processing by AdnAB is coupled to the NTPase motor that unwinds the DNA duplex from free ends and thereby exposes the displaced single strands to the associated single-strand nuclease activity, which degrades the 59-terminated strand, thereby producing 39 ssDNA tails (Fig. 2) .
Regulation of DNA end resection: lessons from bacteria and yeast
Another interesting aspect of the Sinha et al. (2009) study was the demonstration that Ku, the DNA end-binding subunit of the NHEJ machinery, is able to protect dsDNA ends from extensive resection by AdnAB (Fig. 2) . It is likely that Ku suppresses AdnAB by physically blocking access to the free DNA ends that are required for activation of its motor activity. The notion of Ku acting as a negative regulator of end resection has been suggested previously from genetic studies in eukaryotes (Tomita et al. 2003; Barlow et al. 2008; Clerici et al. 2008; Wasko et al. 2009 ). Ku is required to prevent Exo1-dependent ssDNA formation at telomeres (Maringele and Lydall 2002) . Moreover, the MMS sensitivity of rad50 mutants but not rad50 exo1 mutants is suppressed by deleting Ku, suggesting that Ku regulates DNA end resection by Exo1 (Tomita et al. 2003; Wasko et al. 2009) .
It is interesting to note that in S. cerevisiae the cellular capacity for DNA end resection varies throughout the cell cycle, being the highest during the S and G2 phases when sister chromatids are available for use as HR repair templates. This is in large part due to a tight regulation of DSB repair by the cyclin-dependent kinase (CDK) (Aylon et al. 2004; Ira et al. 2004 ). In the G1 phase, the balance of DSB repair is shifted toward NHEJ, which remains active throughout the cell cycle. During G1, DNA ends that are suitable for ligation are protected from extensive resection in a Ku-dependent manner (Barlow et al. 2008; Clerici et al. 2008) . There is evidence that Ku limits the DSB recruitment of the MRX complex (Clerici et al. 2008) . Consistent with this, overexpression of Ku in G2 cells delays DSB processing by impeding MRX loading (Clerici et al. 2008) . The dependence on CDK activity for DNA resection in S/G2 is lifted in the absence of Ku, suggesting that CDK might directly target Ku (Clerici et al. 2008) . Interestingly, Sae2 is an in vivo CDK target, and a phosphomimic sae2 mutant is able to initiate DSB end resection in G2 cells even in CDK's absence (Huertas et al. 2008) . How the CDK-mediated phosphorylation of Sae2 helps overcome the Ku-dependent block of DNA end resection remains to be determined.
Important questions
As discussed earlier, an important aspect of the HR pathway is the coupling of end resection with the loading of the recombinase onto the exposed ssDNA. This can be accomplished directly by the end resection machinery (e.g., RecB), or through the action of accessory proteins (e.g., RecFOR). In eukaryotes, recombination mediators such as BRCA2 and Rad52 facilitate the replacement of RPA with Rad51 (Spies and Kowalczykowski 2005; San Filippo et al. 2008) . It remains to be determined how mycobacterial RecA is loaded onto AdnAB-processed DNA ends, although the presence of RecF and RecR homologs in mycobacteria suggest that they might perform this function. Interestingly, the mycobacterial RecA protein interacts directly with SSB, although the biological Figure 2 . Interplay between AdnAB and Ku during DSB processing in mycobacteria. Ku and AdnAB compete for binding to DSB ends. If Ku binds the DNA ends first, access to AdnAB is limited, thus favoring repair by NHEJ. If AdnAB is allowed to engage the DNA ends, 59 resection occurs to expose 39 ssDNA tails that are used to assemble the RecA presynaptic filament, and repair of the DSB occurs by HR. If the 39 ssDNA tails are trimmed, subsequent repair by NHEJ will result in deletions at the DSB site.
significance of this interaction is not clear (Reddy et al. 2001 ).
There appears to be a multiplicity of DSB end-processing pathways in both prokaryotes and eukaryotes. It will be of particular interest to learn whether these pathways indeed operate independently of one another, or whether they normally operate in concert to process DSBs but become genetically separable when selected components are ablated by mutations. We still do not understand the molecular basis for the CDK-dependent alleviation of the block on DSB processing in S and G2 cells. Also, since eukaryotic DNA is packaged into chromatin, how the DNA end resection machinery negotiates this barrier remains to be delineated.
